Using the general factorization approach, we present a detailed investigation for the branching ratios, CP asymmetries and longitudinal polarization fractions in all charmless hadronic B → V V decays (except for the pure annihilation processes) within the most general two-Higgsdoublet model with spontaneous CP violation. It is seen that such a new physics model only has very small contributions to the branching ratios and longitudinal polarization fractions. However, as the model has rich CP-violating sources, it can lead to significant effects on the CP asymmetries, especially on those of penguin-dominated decay modes, which provides good signals for probing new physics beyond the SM in the future B-physics experiments.
I. INTRODUCTION
During the recent years, tremendous progress in B physics has been made through the fruitful interplay between theory and experiment. The precise measurements of the B-meson decays can provide an insight into very high energy scales via the indirect loop effects of new physics beyond the standard model (SM), which makes the study of exclusive non-leptonic B-meson decays of great interest.
In the SM, the phenomenon of CP violation can be accommodated in an efficient way through a complex phase entering the quark-mixing matrix, which governs the strength of the charged-current interactions of the quarks. This Kobayashi-Maskawa (KM) [1] mechanism of CP violation is the subject of detailed investigation in these few decades. However, its origin remains unknown as it is put into the standard model through the complex Yukawa couplings. Moreover, the baryon asymmetry of the universe requires new sources of CP violation. Many possible extensions of the SM in the Higgs sector have been proposed [2] , and it was suggested that CP symmetry may break down spontaneously [3] . A consistent and simple model, which provides a spontaneous CP violation mechanism, has been constructed completely in a general two-Higgs-doublet model (2HDM) [4, 5] without imposing the ad hoc discrete symmetry, which is now commonly called as type III 2HDM. The type III 2HDM, which allows flavor-changing neutral currents (FCNCs) at tree level but suppressed by approximate U(1) flavor symmetry, has attracted much more interests. It is known that FCNCs are suppressed in low-energy experiments, especially for the lighter two generation quarks. Thus, the type III 2HDM can be parameterized in a way to satisfy the current experimental constraints. On the other hand, constrains on the general 2HDM from the neutral mesons mixing (K 0 −K 0 , D 0 −D 0 , and B 0 −B 0 ) [6, 7] and from the radiative decays of bottom quark [8] have also been studied in detail.
In recent years, there are many works about the B-meson decays within the two-Higgsdoublet model. In Refs. [9, 10] , the authors have studied the B → P P, P V decays (with P and V denoting the pseudoscalar and vector mesons, respectively) within the type III 2HDM. Since through the measurements of magnitudes and phases of various helicity amplitudes, the charmless hadronic B → V V decay modes can reveal more dynamics of exclusive B decays than B → P P and B → P V decays, in the present work we are going to make a detailed study for B → V V decays within the type III 2HDM by emphasizing on the new physics contributions. It will be seen that this specific new physics has remarkable effects on CP asymmetries, especially on the parameter S f for the penguin-dominated decay modes. On the other hand, the new physics is found to have very small contributions to the branching ratios and the transverse polarizations. Furthermore, the polarization anomaly observed in B → ρK * and B → φK * modes can not be improved in our current considered parameter spaces.
The paper is organized as follows: In section II, we first describe the theoretical framework, including a brief introduction for the two-Higgs-doublet model with spontaneous CP violation, the effective Hamiltonian, as well as the decay amplitudes and CP violation formulas, which are the basic tools to estimate the branching ratios and CP asymmetries of B-meson decays. In section III, we list the Wilson coefficients and the other relevant input parameters. Our numerical predictions for the branching ratios, CP asymmetries and longitudinal polarization fractions are presented in Section IV. Our conclusions are presented in the last section.
II. THEORETICAL FRAMEWORK

A. Outline of the Two-Higgs-doublet Model
Motivated solely from the origin of CP violation, a general two-Higgs-doublet model with spontaneous CP violation (type III 2HDM) has been shown to provide one of the simplest and attractive models in understanding the origin and mechanism of CP violation at the weak scale. In such a model, there exists more physical neutral and charged Higgs bosons and rich CP violating sources from a single CP phase of the vacuum. These new sources of CP violation can lead to some significant phenomenological effects, which are promising to be tested by the future B factory and the LHCb experiments. In this paper, we shall focus on the phenomenological applications of the type III 2HDM on the two-body charmless hadronic B → V V decays.
The two complex Higgs doublets in the general 2HDM are generally expressed as [4, 5, 12, 13] 
The corresponding Yukawa Lagrangian is given as
where the parameters η ija and ξ ija are real, so that the lagrangian is CP invariant. After the symmetry is spontaneously broken down
and the Goldstone particles have been eaten, the physical Higgs bosons are
where H ± are the charged scalar mass eigenstates, (φ Then the Yukawa part of the Lagrangian for physical particles can be written as
where
and these couplings η U , η D , ξ U , ξ D are generally complex, which means CP violation. According to the CKM mechanism, after diagonalizing the fermion terms' couplings η U and η D , the other couplings become
withξ
The Yukawa couplings may be parameterized as following
with v the vacuum expectation value v = 246 GeV.
B. Effective Hamiltonian and decay amplitudes of B → V V decays
Using the operator product expansion and the renormalization group equation, the low energy effective Hamiltonian for charmless hadronic B-meson decays with ∆B = 1 can be written as
where 
where (q 1 q 2 ) V ±A =q 1 γ µ (1 ± γ 5 )q 2 and (q 1 q 2 ) S±P =q 1 (1 ± γ 5 )q 2 , with qu, d, s, c, b, and e q is the electric charge number ofuark. The operators Q ′ i in Eq. (11) are obtained from Q i via exchanging L ↔ R, and we shall neglect their effects in our calculations for they are suppressed by a factor m s /m b in model III 2HDM. The Wilson coefficients C i (i = 1, . . . , 10) have been calculated at leading order (LO) [14, 15] and at next-toleading order (NLO) [16] in the SM and also at LO in 2HDM [12] , while C i (i = 11, . . . , 16) at LO can be found in Refs. [17, 18] .
Having defined the effective Hamiltonian H ef f in terms of the four-quark operators Q i , we can then proceed to calculate the hadronic matrix elements with the generalized factorization assumption [19, 20, 21, 22] based on the naive factorization approach.
For two-body charmless hadronic B → V V decays, the decay amplitude of the local four fermion operators is defined as
where h 1 and h 2 are the helicities of the final-state vector mesons V 1 and V 2 with fourmomentum p 1 and p 2 , respectively. Since the B meson has spin zero, in the rest frame of B-meson system, the two vector mesons have the same helicity due to helicity conservation. Therefore three polarization states are possible in B → V V decays with one longitudinal (L) and two transverse, corresponding to helicities h = 0 and h = ± (here
, respectively. We define the three helicity amplitudes as follows
We choose the momentum p 2 to be directed in the positive z-direction in the B-meson rest frame, and the polarization four-vectors of the light vector mesons such that in a frame where both light mesons have large momentum along the z-axis. They are given by
where m 1 and m 2 are the masses of V 1 and V 2 mesons, respectively. Using the definitions for decay constants and form factors [23] , the tree-level hadronic matrix elements of the effective operators Q i can be decomposed as the following two amplitudes
with
Here, for simplicity, we have omitted the quark spinors in the corresponding current operators in the above definitions. The three polarization amplitudes for V h and T h can be further written as
From the amplitude given by Eq. (15), the branching ratio for B → V V decays then reads
where τ B is the lifetime of the B meson, and p c is the center of mass momentum of either final-state meson with
In order to compare the relative size of the three different helicity amplitudes, we can define the longitudinal polarization fraction as
which measures the relative strength of the longitudinally polarization amplitude in a given decay mode.
C. CP-violating asymmetries in B → V V decays
Since there are abundant CP violation sources in the two-Higgs-doublet model, it is also necessary and interesting for us to discuss CP asymmetries in B → V V decays.
Firstly, for charged B ± -meson decays, there is only one simple type of CP violating asymmetry, which detects direct CP violation
For neutral B-meson decays, there is another type of CP violation coming from the mixing between
In this case, there are in general four amplitudes which can be expressed as [24, 25, 26 ]
For the B d − B d and B s − B s systems, the following approximations can be made both B d and B s systems :
Using the decay amplitudes and the approximations listed in Eqs. (23) and (24), the time-dependent decay probabilities for B d system can then be written as
while for B s system, we have
where Γ is the average decay width, ∆Γ and ∆m are the width and mass difference, respectively. The other quantities are defined as
From Eqs. (25) and (26), we can get:
III. INPUT PARAMETERS
The theoretical predictions in our calculations depend on many input parameters, such as the Wilson coefficients, the CKM matrix elements, the hadronic parameters, and so on. Here we present all the relevant input parameters as follows.
It has been shown from
d,s mixings that the parameters |λ cc | and |λ ss | in Eq. (11) can reach to be around 100 [27] , while their phases are not well constrained. In our present work we simply fix the phases to be π/4, and this choice will not cause any trouble in our numerical results. For the parameters λ tt and λ bb , the constraints come mainly from the experiments for B −B mixing, Γ(b → sγ), Γ(b → cτν τ ), ρ 0 , R b , B → P V , and the electric dipole moments (EDMS) of the electron and neutron [10, 11, 12, 17, 18] . Based on the above analyses, we choose the following three typical parameter spaces which are allowed by the present experiments and have been adopted for the B → P V decays [10] is associated with the operators in 2HDM, the numerical values forC 11,...,16 are listed in Table I . For the hadronic parameters, the decay constants, and the form factors, we list them in Tables. II and III, respectively.   TABLE II: The hadronic input parameters [26] and the decay constants taken from the QCD sum rules [29] and Lattice theory [30] . 
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we shall classify the 28 channels of B + , B 0 and B s decays into two light vector mesons according to the reliability of the calculation for various observables, which is motivated by the dominated contributing operators. We shall give our predictions for the branching ratios, the CP asymmetries, and the longitudinal polarization fractions both in the SM and in the 2HDM. Comparisons with the current experiment data, if possible, are also made.
Before moving to the detailed discussions, some general observations of new physics effects on B → V V decays should be made. As can be seen from Eqs. (9) and (11) In the general factorization approach, it is impossible to produce a vector meson via the scalar and/or pseudoscalar currents from the vacuum state, and hence the new operators Q 11 and Q 13 have no contributions to B → V V decays. Moreover, from the results listed in Table I , it can be seen that all the contributing new operators Q 12,14,15,16 have only very small (even zero) Wilson coefficients. It is therefore expected that the new physics will have very small effects on the branching ratios and transverse amplitudes (hence on the transverse polarization fractions) of B → V V decays.
A. CP-averaged branching ratios and direct CP violation
According to different decay modes, we shall give our predictions for the branching ratios and direct CP violations one by one.
(i), color-allowed tree-dominated decays. Our predictions for the CP-averaged branching ratios and the direct CP asymmetries are presented in Table IV . From the numerical results, we can see that the branching ratios are all at 10 −5 order, and the direct CP asymmetries are all very small since the penguin amplitude contributions are much smaller than the ones from the tree diagrams. Most predictions within the SM are consistent with the current experiment data, and the new physics has very small effects on these types of decays.
TABLE IV: The CP-averaged branching ratios (in unit of 10 −6 ) (first line) and the direct CP violations (second line) for the color-allowed tree-dominant processes both in the SM and in the type III 2HDM. Case A-C stand for the three different parameter spaces listed in Section III.
Decay modes
Case A Case B Case C SM Exp. (ii), color-suppressed tree-dominated decays. The numerical results are given in Table V, it is interesting to note that the branching ratios will generally become smaller after including the new physics contributions except for the B → ρ 0 ρ 0 mode. Furthermore, there are big direct CP violations in these decay processes except for the B + → ρ 0 ω mode, and the new physics has more effects on the direct CP asymmetries than on the branching ratios through the Wilson coefficient functions, although there are no new operator contributions to the hadronic matrix elements in this type decays within our approximations. Compared to Case A and Case C, Case B has the biggest corrections to the CP asymmetries of the SM. (iii), penguin-dominated decays. We may divide such decays into two types: ∆S = 1 and ∆D = 1 decay modes. They are corresponding to the upper and the lower parts in Table VI , respectively. From the numerical results, we can see that all the eleven ∆S = 1 decay modes have branching ratios up to 10 −6 or even to 10 −5 order, since they involve the relative large CKM matrix elements V * ts , while the ∆D = 1 ones have much smaller branching ratios of order of 10 −7 due to the smaller CKM matrix elements V * td . For B → ωK * and B s → φφ decay modes, our predictions for the branching ratios with including the new operator contributions have similar results as the ones within the SM, which, however, are not quite consistent with the current experimental data; the numerical results for B → ωK * modes are larger than the current experiment limit, and the prediction for B s → φφ is about two times larger than the present data. For the other decay modes, our predictions for the branching ratios are in general agreement with the data. As for the direct CP asymmetries, there are big CP violations in some decay modes, and the new physics can lead to remarkable effects. Our predictions are consistent to the data in all these decay modes.
(iv), electroweak penguin or QCD flavor singlet dominated decays. As can be seen from Table VII, this type of decays are expected to have smaller branching ratios due to the large cancelations among the different Wilson coefficients. Although there are new operator contributions in B → ρφ and ωφ decay modes, the predicted branching ratios are still small. The direct CP asymmetries for these decays are all small, and the new physics effects on these observables are not prominent. Due to the lack of accurate experimental data, we couldn't compare our predictions with the data yet.
(v), the pure annihilation decays. Only six decays belong to this class, namely
Due to the lack of the information for the V 1 → V 2 transition form factor at large momentum transfers, we shall not consider them in details in this paper. Since there are abundant CP violating sources in type III 2HDM, it is expected that there are relatively large CP violations in 2HDM than in the SM. Using the relevant formulas given in section II, we can predict the time-dependent CP asymmetries in neutral B d and B s decays, with the numerical results given in Tables VIII and IX, respectively. From these two tables, it is seen that, for B 0 → ρ + ρ − , ρ 0 φ and ωφ decay modes, the new physics has hardly any effects on the parameters C f and S f , even though there are new operators contributions in B 0 → ρ 0 φ and ωφ decay modes. On the other hand, the new physics has remarkable effects on the other decay modes, especially on B 0 → ωω one (for this mode the new physics can even change the sign of the parameter S f ). Furthermore, different parameter spaces also have remarkable effects on these CP violation parameters.
For B s system, there are new operator contributions only in B s → φφ mode. As is expected, the new physics has remarkable influence on the parameters C f , S f , and D f . For the other four decay modes, although there are no new operator contributions, the new physics still has big effects on the parameter S f , but small effects on C f and D f .
C. The polarization in B → ρK * and φK * decays Motivated by the polarization anomaly observed by the BarBar [33] , Belle [34] and CDF [35] experiments, we shall study the polarization in B → V V decays, especially in B → ρK * and φK * decays in this section. One important point that should be noted is that the predictions for the branching ratios of B → ρK * and φK * modes are well consistent with the experiment data, which means that if we want to solve the observed polarization anomaly, we need to find some way to reduce the longitudinal amplitude and enhance transverse ones simultaneously. Many studies have been made to try to provide possible resolutions to the anomaly both within the SM [36, 37, 38, 39] and in various new physics models [40, 41, 42] . Here we only concentrate on the longitudinal polarization fraction and the main results are listed in Table X .
It is noted that the polarization anomaly could be well resolved by introducing the tensor operators O T 1 =sσ µν (1+γ 5 )bsσ µν (1+γ 5 )s and O T 8 =s i σ µν (1+γ 5 )b jsj σ µν (1+γ 5 )s i in Ref. [42] . It is interesting to see that these two operators have similar forms as Q 15 and Q 16 in Eq. (11) . However, from the numerical results given by Table X, we can see that the predicted longitudinal polarization fraction f L for these decay modes in the type III 2HDM is almost the same as the one within the SM. Although there are new operator contributions in B → φK * modes, we still can not resolve the polarization anomaly observed in this decay mode. This is due to the fact that the strength of new operators in 2HDM is severely suppressed by the factor m q λ/m b . Moreover, as has already been mentioned in the beginning of this section, the Wilson coefficients of these new operators are very small, which also result in the small effects on the transverse amplitudes. For the other B → V V decay modes, the predictions for longitudinal polarization fractions are always about 0.90 ∼ 0.95. For simplify, we shall not list the results in details anymore.
In conclusion, adopting the current parameter spaces and with the general factorization method, we could not resolve the polarization anomaly observed in B → ρK * and φK * modes within the SM and 2HDM.
V. CONCLUSIONS
Using the general factorization approach, we have studied all the B → V V decay modes except for pure annihilation decay channels both within the SM and in the twoHiggs-doublet model. From the numerical results given in the previous section, we can see that: for the branching ratios, our predictions are generally well consistent with the current experimental data expect for the B s → φφ decay mode, and the new physics has margin or even negligible effects on this observable. However, the new physics can give remarkable contributions to the CP asymmetry parameters C f and S f , especially to S f in the penguin-dominated decay modes. Unfortunately, our predictions for the longitudinal polarization fractions of B → ρK * and φK * decay modes in 2HDM are still as large as the ones in the SM, which are much larger than the experimental data. Some new mechanisms may be needed to improve those discrepancies.
For simplicity, in this paper we have neglected the contributions from annihilation and exchange diagrams, although they may play a significant rule in some decay channels. In our numerical calculations, we have only considered three possible parameter spaces for the type III 2HDM. Also we have totally neglected the first generation Yukawa couplings and the off-diagonal matrix elements of the Yukawa coupling matrix, in order to eliminate the FCNC at tree level. However, it is possible that the FCNC involving the third generation quarks still exists at tree level, making the constraints less stronger. In a word, we do not exclude the possibility to improve the predictions by using the other factorization methods with the annihilation and exchange diagram contributions included, by choosing other parameters spaces, or even by introducing additional fourth-generation quarks [43] .
In conclusion, we have shown that the new Higgs bosons in the type III 2HDM with spontaneous CP violation can have significant effects on some charmless B → V V decays, especially for the penguin-dominated decay modes, which can be used as good signals to test the SM and to explore new physics from more precise measurements in the future B-factory experiments.
